Global ischemia in childhood often leads to poor neurologic outcomes, including learning and memory deficits. Using our novel model of childhood cardiac arrest/cardiopulmonary resuscitation (CA/CPR), we investigate the mechanism of ischemia-induced cognitive deficits and recovery. Memory is impaired seven days after juvenile CA/CPR and completely recovers by 30 days. Consistent with this remarkable recovery not observed in adults, hippocampal long-term potentiation (LTP) is impaired 7-14 days after CA/CPR, recovering by 30 days. This recovery is not due to the replacement of dead neurons (neurogenesis), but rather correlates with brain-derived neurotrophic factor (BDNF) expression, implicating BDNF as the molecular mechanism underlying impairment and recovery. Importantly, delayed activation of TrkB receptor signaling reverses CA/CPR-induced LTP deficits and memory impairments. These data provide two new insights (1) endogenous recovery of memory and LTP through development may contribute to improved neurological outcome in children compared to adults and (2) BDNF-enhancing drugs speed recovery from pediatric cardiac arrest during the critical school ages.
Introduction
Great improvements in clinical resuscitation in recent years have led to improved survival rates following cardiac arrest. However, the vast majority of survivors experience motor and cognitive deficits, [1] [2] [3] making the development of new therapies to improve neurologic outcome even more pressing. The prevailing notion continues to be that post-ischemic behavioral impairments are primarily due to cell death of vulnerable neuronal populations, such as hippocampal CA1 neurons, cerebellar Purkinje cells and striatal neurons. Indeed, numerous studies have identified acute strategies to decrease neuronal cell death after cerebral ischemia, with only therapeutic hypothermia translating to human use 4, 5 (albeit not for all age groups, see below). Therefore, due to the lack of translation of neuroprotective agents into human use, 6 we have transitioned our focus to improving functional outcomes after ischemia, rather than protecting neurons from ischemic injury. To this end, studies of the function of surviving neurons after ischemia have shown that deficits in hippocampal plasticity and learning and memory are observed for months after ischemic insults [7] [8] [9] [10] [11] and emerging therapies have targeted reversing synaptic plasticity deficits (neuro-restoration) to enhancing functional recovery from brain ischemia, effectively broadening the therapeutic window. While there are studies in experimental models of adult focal cerebral ischemia, [12] [13] [14] it remains unclear whether similar plasticity deficits and interventions are observed following ischemia in the developing brain.
The impact of age on the brain's response to cerebral ischemia remains understudied, with a particular scarcity of studies modeling childhood cardiac arrest. It is estimated that 16,000 children suffer cardiac arrest annually in the United States, with important differences observed compared to adults. To date, mild therapeutic hypothermia is the only therapy available to increase survival and improve outcomes for adults after cardiac arrest (CA/CPR) and neonates less than 6 h old. 4, 5 Unfortunately, recent clinical trials for hypothermia in children failed to improve outcome. 15, 16 Considering this and the idea that children have improved recovery compared to adults, 17, 18 there is increased importance in considering juveniles independently from adults or neonates. Thus, the current study takes advantage of our newly developed mouse model of childhood (juvenile) cardiac arrest to assess synaptic plasticity and memory deficits at acute and chronic time points to assess recovery following childhood cardiac arrest and potential therapeutic interventions.
Intact memory and synaptic plasticity in the hippocampus require N-methyl-D-aspartate (NMDA) receptor activity 19, 20 and brain-derived neurotrophic factor (BDNF) signaling through tyrosine kinase (Trk) B receptors. 21 , 22 We have reported that impairments in LTP after CA/CPR are not due to alterations in NMDA receptor expression or function in either adult 7 or juvenile mice. 23 Alternatively, BDNF has been found to play a neuroprotective role after neonatal hypoxic-ischemic injury 24, 25 and likely plays a role in stem cell-induced regeneration of hippocampus in neonatal ischemic brain injury. 26 In adult models, BDNF infusion preserved LTP after transient focal ischemia 27 but did not alter brain injury after CA/CPR. 28 These data indicate that the effects of BDNF may vary between different models of brain injury and across ages. The data presented here will establish the temporal, phenotypic and mechanistic impact of BDNF signaling on impaired memory and synaptic function after juvenile cardiac arrest. Further, we present a novel therapeutic strategy following cardiac arrest centered on recovery of memory and synaptic function by stimulating BDNF-TrkB signal pathway at time points beyond those critical in neuronal death following cardiac arrest in the developing brain.
Methods

Experimental animals
All experimental protocols were approved by the University of Colorado-Denver Institutional Animal Care and Use Committee (IACUC) and conformed to the National Institutes of Health guidelines for care and use of animals. Male C57Bl/6 20-25 day old (PND 20-25, prepubertal) mice (Charles River Laboratory) were used for this study. These mice were weaned and not with dam at the time of experiment. The mice were housed in a standard 12 h light and 12 h dark cycle and had free access to food and water. All experiments in the study adhered to the ARRIVE guidelines for animal experiments. Mice were randomly assigned to experimental groups and the investigator was blinded as stated below. A total of 128 mice were used for this study. The average age of CA/CPR was 22.5 AE 0.2 days (n ¼ 69). The average age for sham surgeries was 22.6 AE 0.3 days (n ¼ 59). Five mice were removed from the study after CA/ CPR and one was removed from the sham group due to premature death.
Cardiac arrest and cardiopulmonary resuscitation
Cardiac arrest in juvenile mice was performed as previously described. 29 Briefly, mice were anesthetized using 3% isoflurane and maintained with 1.5-2% isoflurane in 25% fraction of inspired oxygen (FiO 2 ) via facemask. Body temperature was maintained at 37 C using a heat lamp and heating pad while being monitored with temperature probes placed into the left ear canal and rectum. For drug administration, a PE-10 catheter was inserted into the right internal jugular vein and flushed with heparinized 0.9% normal saline solution. Animals were endotracheally intubated using a 24G intravenous catheter and connected to a mouse ventilator (Minivent, Hugo Sachs Elektronik, MarchHugstetten, Germany) set to a respiratory rate of 160 breaths per minute. Cardiac function was monitored throughout the experiment with electrocardiography (EKG). Cardiac arrest was induced by injection of 30 mL of 0.5 M KCl via the jugular catheter and confirmed by asystole on EKG and absence of spontaneous breathing. The endotracheal tube was disconnected from the ventilator during cardiac arrest and no spontaneous breathing was observed. During this time, anesthesia was not being delivered. Body warming was ceased 1 min prior to cardiac arrest. During cardiac arrest, the pericranial temperature was maintained at 37.5 AE 0.5 C by using a water-filled coil. Body temperature was allowed to fall spontaneously to 35 C. Resuscitation was begun 8 min after the initiation of cardiac arrest by slow injection of 0.2-0.5 mL of epinephrine (16 mg epinephrine/mL 0.9% saline), chest compressions at a rate of approximately 300 min À1 and resumption of ventilation with 100% FiO 2 at a rate of 210 breaths/min. Chest compressions were stopped upon return of spontaneous circulation (ROSC), defined as electrical evidence of cardiac contractions. If ROSC was not achieved within 2 min of CPR initiation, resuscitation was stopped and the animal was excluded from the study. Five minutes following ROSC, FiO 2 was decreased to 50%. When the spontaneous respiratory rate was 30 breaths/min, the ventilator was adjusted to 150 breaths/min, and when the animals had at least 60 spontaneous breaths/min, the endotracheal tube was removed. Temperature probes and intravascular catheters were removed and the surgical wounds were closed. Horizontal hippocampal slices (300 mm thick) were cut with a Vibratome 1200 (Leica) and transferred to a holding chamber containing aCSF for at least 1 h before recording.
Acute hippocampal slice preparation
Electrophysiology
Synaptically evoked field potentials were recorded from hippocampal CA1 slices that were placed on a temperature-controlled (31 AE 0.5 C) interface chamber perfused with aCSF at a rate of 1.5 mL/min.Field excitatory post-synaptic potentials (fEPSPs) were produced by stimulating the Schaffer collaterals and recording in the stratum radiatum of the CA1 region. The fEPSPs were adjusted to 50% of the maximum slope and test pulses were evoked every 20 s. Paired pulse responses were recorded using a 50 ms interpulse interval (20 Hz) and expressed as a ratio of the slopes of the second pulse over the first pulse. A 20 min stable baseline was established before delivering a theta burst stimulation (TBS) train of four pulses delivered at 100 Hz in 30 ms bursts repeated 10 times with 200 ms interburst intervals. 7 Following TBS, the fEPSP was recorded for 60 min. The averaged 10 min slope from 50 to 60 min after TBS was divided by the average of the 10 min baseline (set to 100%) prior to TBS to determine the amount of potentiation. Analog fEPSPs were amplified (1000Â) and filtered through a pre-amplifier (Model LP511 AC, Grass Instruments) at 1.0 kHz, digitized at 10 kHz and stored on computer for later offline analysis (Clampfit 10.4, Axon Instruments). The derivative (dV/dT) of the initial fEPSP slope was measured. For time course graphs, normalized fEPSP slope values were averaged and plotted as the percent change from baseline. In experiments using 7,8 dihydroxyflavone (7,8 DHF, Tocris), the drug was made in 5 mM aliquots in DMSO and diluted in ACSF to final concentrations as indicated in the results. Electrophysiology studies using 7,8 DHF were performed in paired fashion. Specifically, acute slices were obtained from mice seven days after cardiac arrest or sham surgeries and were superfused with aCSF (control) or aCSF þ 7,8 DHF. Experiments were only included in final analysis if data were obtained under control and 7,8 DHF exposed slices from the same animal. Two electrophysiolgists (RD and JO) independently verified all LTP results in this report.
Behavioral test
The contextual fear conditioning (CFC) paradigm was utilized as a hippocampal-dependent memory task. 30 The apparatus consisted of two fear conditioning chambers with shock grid floors, consisting of 16 stainless steel rods connected to a shock generator (Colbourn Instruments, Model H13-15, Whitehall, PA, USA). Mice were transported in white buckets during the training and testing sessions. During training, mice were allowed to habituate to the conditioning chamber for two separate 2-min pre-exposure sessions followed by a foot shock (2-s/1.0 mA electric shock) immediately after the second exposure. Following shock, mice were returned to their home cages. Memory was tested 24 h later by transporting mice in white buckets and placing back into the fear conditioning chambers. Memory was determined by percentage of freezing behavior, measured in 10 s intervals across a 5-min test by a blinded observer and was defined as the absence of movement except for heart beat/respiration. Two studies were conducted independently. Mice were randomly assigned to groups. In study 1, mice underwent CA/CPR or sham surgery, and CFC was performed 7 or 30 days after the surgery. In study 2, mice underwent CA/CPR or sham surgeries and 7,8 DHF or vehicle was injected intraperitoneally on day 6 after surgery and CFC was performed 24 h after injection. Study was randomized and blinded; 7,8 DHF was made and coded before given to a second person who injected the agent into the mice without their knowledge of the surgery performed on the mice. The person performing behavior was not aware of the surgery performed or if the mouse received 7,8 DHF or vehicle, and blinding was intact through analysis of the experiment. The primary author then decoded the data.
Western blot analysis
Single whole hippocampi were homogenized in N-PER (Thermo Scientific, Rockford, IL, USA), and nuclei and debris were removed by centrifugation (1000g Â 10 min). Total protein content was measured by using a microplate bicinchoninic acid assay (Thermo Scientific, Rockford, IL, USA), and protein was resolved via electrophoresis on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels for 1 h at 150 V. Protein was transferred to a polyvinylidene difluoride membrane for 1 h at 100 V, and incubated at room temperature (22 C) with gentle rocking in 5% milk in Tris-buffered saline with Tween (140 mM NaCl, 20 mM Tris (pH 7.4) and 0.1% Tween 20) . Blots were incubated with anti-BDNF (1:2000 dilution in 1% milk; Millipore, Billerica, MA, USA) or anti-b-actin (1:5000 in 1% milk; Sigma-Aldrich, St Louis, MO, USA) overnight at 4 C, and washed five times for 5 min each in Tris-buffered saline with Tween, followed by a 1 h incubation with a horseradish peroxidaseconjugated goat anti-mouse (1:4000; Thermo Scientific) for membranes treated with anti-BDNF or anti-b-actin at room temperature. Blots were then washed in Tris-buffered saline with Tween five times for 5 min each, and bands were detected using SuperSignal chemiluminescent substrate kits (Thermo Scientific) and a ChemiDocTM MP Imaging System (Bio-Rad, Hercules, CA, USA). Quantification of integrated volume of bands was performed using IMAGE LAB software version 4.0 (Bio-Rad). Mice were randomly assigned to surgery and treatment groups and experimenter was blinded throughout Western blot procedures.
Immunohistochemistry
To label proliferative cells, the thymidine analog 5-bromo-2-deoxyuridine (BrdU, 50 mg/kg, SigmaAldrich, St. Louis, MO, USA) was administered intraperitoneally on days 2 to 4 after CA/CPR or sham, a time point shown to report maximum proliferation after ischemia. [31] [32] [33] Thirty days after surgery, mice were transfused transcardially with 4% paraformaldehyde under deep anesthesia to disclose the survival and migration of pattern of BrdU þ cells. Cell death was assessed at seven days after CA/CPR by a terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL, Cell Death Detection Kit, Roche) assay and co-labeled with Hoechst (DNA/nuclear counterstain). For BDNF expression, staining of 50 mm sections consisted of phosphate-buffered saline washes (1 Â PBS, 3 Â 5 min), 2 h incubation in blocking serum (10% normal donkey serum in 0.3% Triton X-100), 48 h incubation at 4 C in primary antibody, PBS washes (3 Â 5 min), 1 h incubation in secondary antibody, PBS washes (3 Â 5 min), mounting and coverslip with anti-fade mounting medium (Vectashield, H-1000). Primary antibodies used were rabbit antibrain-derived neurotrophic factor (BDNF, 1:500, Millipore, AB1779) and mouse anti-neuronal nuclei (NeuN, 1:500, Millipore, MAB377), with Alexa Fluor 488 or 594-conjugated IgG (1:600; Jackson Immuno) secondary antibody. Confocal microscopy was used to confirm co-localization of BDNF and NeuN using an Olympus FV1000 laser scanning confocal microscope and Olympus Fluoview imaging software (Center Valley, PA, USA). The Cell Counter plug-in on Fiji software 34 was used for cell count analyses of medial hippocampus, averaged across the left and right hemisphere. Mice were randomly assigned to surgery and treatment groups, and experimenter was blinded throughout IHC experiments.
Statistical analysis
All data are presented as mean AE SEM. Sample size and power analyses were performed using previous data generated in our laboratory. To determine group size for LTP recordings and to observe a 40% change in LTP between two groups with a standard deviation of 20 and an alpha error of 5% and a beta error of 80%, a group of six slices per group are required, with no more than two slices per animal used in analysis per condition. For behavior studies, to observe a 25% change in object exploration between two groups with a standard deviation of 15%, with an alpha error of 5% and a beta error of 80%, eight animals per group are required for behavior experiments. Statistical analysis was performed using Student's t-test for two-group comparisons and one-way ANOVA with Tukey posthoc test for comparison of multiple groups. The effect of 7,8 DHF on LTP after CA/CPR was analyzed by paired t-test. Differences were considered statistically significant at two-tailed p < 0.05.
Results
Recovery of learning impairment after CA/CPR
To determine the effect of global ischemia on hippocampal function, we exposed juvenile mice (postnatal days 20-25) to 8 min of CA/CPR 29 and performed contextual fear conditioning to analyze hippocampal-dependent cognition and memory. 35, 36 We found that seven days after sham surgery, mice exhibited freezing behavior in 51 AE 5.2% of time epochs (n ¼ 8, Figure 1(a) ) 24 h after training, indicating intact memory. However, mice seven days after CA/CPR demonstrated decreased freezing (24 AE 6.4%, n ¼ 9, p < 0.05), indicating impairment in memory. Mice tested 30 days after recovery from CA/ CPR had recovery of freezing behavior (52 AE 5.3%, n ¼ 7), which was similar to both seven-day sham (above) and 30-day sham mice (52 AE 7.2%, n ¼ 7). These data indicate that juvenile mice have memory dysfunction through development that shows pronounced recovery in adulthood.
We have previously shown that this model of CA/CPR in juvenile mice produces equivalent delayed neuronal death to that observed in adults, 29 with the peak occurring three days after ischemic injury. Consistent with our previous findings, Supplemental Figure 1 shows extensive neuronal cell death in mice seven days after juvenile CA/CPR. One possible explanation for the recovery in memory ability in juvenile mice not observed in adults is increased neurogenesis and replacement of CA1 neurons after global ischemia in the weeks after CA/CPR. Therefore, we tested whether neurogenesis occurs which may account for the endogenous recovery of memory acquisition in the juvenile mouse. 5 0 -bromo-2 0 -deoxyuridine (BrdU), a marker for proliferating cells, was injected intraperitoneally 2-4 days after CA/CPR or sham surgeries when it has been reported that there is maximum proliferation of new neurons after ischemia, [31] [32] [33] and the brains were collected on postoperative day 30 for analysis. We did not observe any post-ischemic newborn neurons (BrdU þ cells) repopulating the CA1 region 30 days after recovery from juvenile CA/CPR, although BrdU þ cells were observed in dentate gyrus (Figure 1(b to e) ). Therefore, neurogenesis does not appear to account for the endogenous recovery of memory ability.
Impairment of synaptic plasticity following juvenile CA/CPR endogenously recovers
It has been demonstrated that learning behavior correlates with LTP in the hippocampus. [37] [38] [39] [40] [41] Given the lack of neurogenesis in hippocampal CA1 30 days after CA/ CPR to explain the endogenous recovery of memory, we next turned to LTP to determine the cellular mechanisms that may account for the memory recovery observed following juvenile CA/CPR. We previously reported that CA/CPR in juvenile mice impairs synaptically evoked LTP when examining extracellular field recordings in acute hippocampal slices prepared seven days after ischemia. 23 Here we confirm LTP impairment after CA/CPR in juvenile mice by comparing the percent increase in synaptic response (in relation to baseline, set at 100%) in ischemic animals to sham controls. In slices from juvenile mice seven days after sham surgery, a brief theta burst stimulus (40 pulses, 100 Hz) resulted in LTP that increased the slope of the fEPSP to 156 AE 5.3% of baseline (baseline set to 100%, n ¼ 8, Figure 2 ) after 60 min. In contrast, recordings obtained in the sub-acute recovery phase (7 and 14 days) exhibited impairment of LTP compared to sham; 7 day: 110 AE 5.7% (n ¼ 8); 14 day: 119 AE 9.0% (n ¼ 6), both p < 0.05 compared to sham control ( Figure 2 ). When slices were prepared 30 days after CA/CPR, there was complete recovery of LTP (155 AE 5.3%, n ¼ 8, Figure 2 ), mirroring the recovery of memory behavior at 30 days. Further, to assure that there was no change in synaptic plasticity through development from juvenile to young adult, sham 30-day mice were also examined and exhibited similar LTP to control shams above (153 AE 7.3%, n ¼ 8). This recovery of LTP is in contrast to our recent studies in adults in which we observed that impairment persists for at least 30 days after CA/CPR. 7 To assess the effect of CA/CPR on the intrinsic properties of excitability and presynaptic release probability, paired-pulse stimulation and input output responses were analyzed. Similar paired-pulse facilitation was seen between groups: pulse 2/pulse 1 ratios of 1. Figure 2(d) ). Therefore, the CA/CPR-induced alterations in LTP do not appear to be caused by changes in pre-synaptic excitability or probability of release, implicating post-synaptic mechanisms.
BDNF expression transiently decreases after CA/CPR
It is well accepted that BDNF signaling is required for synaptic plasticity.
22, 42 We therefore tested if BDNF expression changes during the sub-acute (7 days) and chronic (30 days) time periods after juvenile CA/CPR. Figure 3 reveals a 40 AE 0.11% decrease in mature BDNF ($15 kDa) in hippocampus seven days after CA/CPR (n ¼ 5), measured by normalized BDNF/ b-actin ratio, compared to seven-day sham (n ¼ 4, p < 0.05 by one-way ANOVA). However, BDNF expression recovered in mice 30 days after CA/CPR (n ¼ 4) or sham surgery (n ¼ 4) similar to seven days after sham and was significantly higher than 7 d CA/CPR (p < 0.05 by one-way ANOVA). We went on to confirm that there is decreased BDNF in hippocampal CA1 neurons seven days after CA/CPR using immunohistochemistry. CA1 neurons that were co-labeled with NeuN (neuronal marker) and BDNF were quantified seven days after CA/CPR and showed that there were less BDNF-positive neurons seven days after CA/CPR compared to sham mice (Figure 3 ), consistent with the Western blot analysis and impaired synaptic function at seven days after CA/CPR. The number of BDNF-positive neurons in CA1 was not different at 30 days compared to seven days after CA/CPR, possibly indicating a non-neuronal source of BDNF measured in the Western blots. Together, these data suggest that the memory impairment and diminished synaptic function correlate with decreased neuronal BDNF in juvenile mice sub-acutely after CA/CPR.
Administration of TrkB receptor agonist reverses synaptic impairment
To test whether the decline in BDNF observed following CA/CPR is a causative contributor to impaired LTP, we sought to stimulate the BDNF receptor tyrosine kinase (TrkB) receptors 22, 42 at time points well beyond that of neuronal death 29 that would be relevant to the impairments described above. Therefore, we tested whether the selective TrkB agonist 7,8 DHF can reverse synaptic impairment at seven days after CA/CPR. 7,8 DHF is a potent agonist of TrkB that can cross the blood-brain barrier after oral or intraperitoneal administration. 43 In paired experiments (slices from same animal used for control and 7,8 DHF recordings) using acute hippocampal slices from mice seven days after sham surgeries, 7,8 DHF showed no effect on LTP (Figure 4(c) ). However, in paired experiments using hippocampal slices from mice seven days after CA/CPR, 7,8 DHF (250 nM) rescued synaptic impairment (105 AE 5% in vehicle vs. 143 AE 10% with 7,8 DHF, n ¼ 6 each, p < 0.05, paired t-test). There was no difference in paired-pulse stimulation after 30-min wash of 7,8 DHF (data not shown). We found no further difference when using 1 mM DHF, n ¼ 5 each, p < 0.05, paired t-test). Therefore, stimulating the TrkB receptor at delayed time points rescued LTP after CA/CPR. Finally, to test whether this finding could be extended to memory impairments in vivo, contextual fear conditioning studies were conducted in mice that were administered a single dose of 7,8 DHF (5 mg/kg, ip) 44 or vehicle at six days after CA/CPR and underwent contextual fear conditioning testing 24 h later. 7,8 DHF had no effect on freezing in sham mice compared to vehicle (vehicle 57 AE 10% (n ¼ 6), 7,8 DHF 56 AE 5% (n ¼ 6), Figure 4 ). In contrast, CA/CPR mice that received vehicle froze in 33 AE 6% (n ¼ 8) of time epochs, whereas mice that received 7,8 DHF froze in 55 AE 3% of time epochs (n ¼ 8, p < 0.05, Figure 4) , indicating reversal of memory impairments by stimulation of TrKB receptors at delayed time points.
Discussion
We present here the first evidence of endogenous recovery of memory and synaptic function after global ischemia in the developing brain ( Figure 5 ). We further show that endogenous functional recovery is not due to replacement of new neurons in hippocampal CA1 (neurogenesis, consistent with previous data in cardiac arrest 45 although controversial in some other models of transient global ischemia [46] [47] [48] ) or changes in pre-synaptic excitability or probability of release, but rather correlates with a transient decrease and recovery of BDNF expression ( Figure 5 ). Together, these important observations are consistent with data showing that among survivors of cardiac arrest in children, global ischemic brain injury often leads to significant neurologic dysfunction, [1] [2] [3] including impaired memory and executive cognitive function 3, [49] [50] [51] [52] [53] that can persist through school age. 54 The lack of neurogenesis we report here is consistent with previous global cerebral models, although some have found small numbers of BrdU-labeled cells after 2 -or 4 vessel occlusion studies 35-90 days after ischemia. In conjunction with the observation that children may be capable of some degree of repair after ischemic brain injury, 55 the novel observation of endogenous recovery is important because: (1) our data indicate functional impairment during important developmental time points that is reversible and (2) spontaneous recovery following brain injury in the young represents a unique developmental plasticity not observed following global ischemic brain injury in the adult. 7, 8 Our data suggest that there are important differences that exist between adults who suffer ischemic injury and those who have ischemic injuries when young and then are left to recover and mature to adulthood. It is well accepted that several days in a young mouse likely represents several months to years of neurodevelopment in a child. 56 While many children may not achieve full recovery to pre-injury levels as suggested by the data in our mouse model, our data support the remarkable plasticity potential of the young brain and reinforces the role that BDNF appears to play.
BDNF is a well-studied neurotrophic factor important in the development of neuronal networks and learning and memory, exerting effects on neuronal plasticity, synapse development and dendritic sprouting 22 through the regulation by multiple endocrine and neurotransmitter pathways. 57 Indeed, there is abundant evidence for the role of BDNF-TrkB signaling in normal synaptic plasticity via various downstream mediators.
22,57
Figure 5. Model of time courses of neurodevelopment between mice and humans in relation to timing of global ischemia. Impairment of memory and synaptic plasticity is transient, but likely represents several years in a child during which intervention can occur. This model shows the corresponding decrease and recovery in BDNF which contributes to the impairment and endogenous recovery of memory and synaptic function. BDNF: brain-derived neurotrophic factor; CA/CPR: cardiac arrest/cardiopulmonary resuscitation.
The requirement of BDNF for synaptic plasticity makes it impossible to block the endogenous recovery reported here by antagonizing the TrkB receptor, as this would result in impaired LTP and memory in sham animals. 22 Therefore, it is impossible to assess the effect of inhibiting TrkB receptors on spontaneous functional recovery following CA/CPR in juveniles. In contrast, the role for BDNF-TrkB signaling following ischemia is less clear. Prior studies have found that BDNF and TrkB mRNA levels 58 are increased in the first hours after ischemia in adults and acute BDNF infusions immediately after experimental stroke decreased histological injury, improved LTP and functional recovery (memory and motor behavior). 27, 59, 60 Further, hypothermia after adult CA/CPR can potentiate BDNF levels 24 h after reperfusion, potentially playing a role in the beneficial effects of this therapy. 61 However, BDNF infusion does not improve survival or provide neuroprotection when given soon after CA/CPR in adult rats 28, 62 possibly due to poor bioavailability and lipophilic nature. Juvenile rats exposed to hypoxia-ischemia demonstrate unchanged BDNF mRNA levels in the hours after ischemia, after which BDNF decreased in CA1 neurons of hippocampus ipsilateral to carotid ligation at three and five days after ischemia. 63 These data are consistent with the decreased BDNF expression we describe here in juvenile mice days after CA/CPR and highlights the importance of studying the developing brain apart from adult brain. While it remains an open question whether decreased BDNF expression is involved in impairment of synaptic plasticity in adults after CA/CPR, 7 it is likely that this signaling is unique to the juvenile brain given that spontaneous recovery does not occur in the mature brain. To our knowledge, no other studies have investigated the changes in BDNF expression at chronic time points (30 days) after global ischemia as we have in the present study.
Our data in this study and previous studies 7, 23, 64 indicate relative recovery of basal synaptic transmission following CA/CPR, as indicated by field recordings of input-output curves and paired-pulse ratios. This indicates robust compensatory mechanisms, which are capable of restoring synaptic transmission, albeit not to pre-injury levels. Indeed, previous work has shown increased dendritic arborization following global ischemia, 65, 66 consistent with our electrophysiology data of compensation. Thus, we believe that following neuronal cell death, the network compensates. However, the newly compensated network exhibits impaired synaptic plasticity (and learning and memory behavior), which we are able to target in the current study by enhancing BDNF- One reason that many pre-clinical studies of ischemia have failed to translate in clinical studies may be due to the focus on preventing neuronal death. Here, we show that a neurorestorative strategy can rescue functional impairments at time points significantly after neuronal death has occurred, dramatically increasing the therapeutic window after global ischemia. The strategy to administer 7,8 DHF at time points after CA/CPR-induced cell death to restore memory and synaptic function is novel following cardiac arrest. Our finding is an important advance in the development of new therapies for memory deficits, consistent with recent studies showing efficacy of delayed interventions to improve functional outcomes following brain ischemia. Clarkson et al. have previously targeted recovery of cortical neuronal networks after focal stroke. Their initial work targeted tonic GABA signaling three days after stroke, resulting in reversal of motor impairments, possibly by normalization of excitability in peri-infarct tissue. 69 Interestingly, Clarkson et al. also administered positive allosteric modulator to stimulate AMPA receptor activity as a positive allosteric modulator (termed AMPAkine) five days after stroke to improve limb motor control. 70 Importantly, there was no effect on infarct size, indicating the rescue effect is on the recovering tissue. Further, AMPAkines were found to enhance BDNF signaling in peri-infarct cortex. 70 Recently, histone deacetylase 2 has also been shown to be a novel target that provides a prolonged therapeutic window after focal ischemia. 13 These findings, combined with those presented here, suggest that BDNF signaling is a compelling target to reverse impairments after global ischemia, leading to potential new applications of agents known to enhance BDNF levels. 71, 72 In conclusion, we provide the first direct evidence that the developing brain has the endogenous ability to recover learning and memory function, highlighting the difference between the developing brain and previously described impairments of the mature brain. The mechanism for the initial impairment and subsequent recovery is the decrease and recovery of BDNF-TrkB signaling. Despite this endogenous recovery, memory and plasticity deficits for any amount of time likely reflect impaired learning potential during critical school age years. Therefore, our strategy of stimulating the TrkB receptor several days after cardiac arrest in juvenile animals leading to recovered learning and memory impairments provide the possibility of dramatically altering the learning potential of the young brain after ischemia. Further, we identify an intervention window far longer than what is currently used as a clinical standard of care that can improve functional outcomes in the developing brain at sub-acute time points after global cerebral ischemia. Thus, this work establishes a novel therapeutic strategy to improve functional consequences of global ischemia that can be delivered well after cardiac arrest-induced neuronal death to recover function in surviving neurons of the developing brain.
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